2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most commonly used herbicides in the world. In this work, the electro-catalytic degradation of 2,4-D herbicide from aqueous solutions was evaluated using three anode electrodes, i.e., lead dioxide coated on stainless steel 316 (SS316/b-PbO 2 ), lead dioxide coated on a lead bed (Pb/b-PbO 2 ), and lead dioxide coated on graphite (G/b-PbO 2 ). The structure and morphology of the prepared electrodes were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). The process of herbicide degradation was monitored during constant current electrolysis using cyclic voltammetry (CV). In this study, the experiments were designed based on the central composite design (CCD) and were analyzed and modeled by response surface methodology (RSM) to demonstrate the operational variables and the interactive effect of three independent variables on 3 responses. The effects of parameters including pH revealed that the electrochemical process using the G/b-PbO 2 anode electrode has an acceptable efficiency in the degradation of 2,4-D herbicide and can be used as a proper pretreatment technique to treat wastewater containing resistant pollutants, e.g., phenoxy group herbicides (2,4-D).
Introduction
In the past century, the pollution of water resources by toxic and reactive chemical compounds, such as pesticides, has been one of the most serious environmental problems worldwide. Water resources can be polluted by pesticides in various ways. The pesticides are directly released into the water by direct washing or irrigation. Furthermore, the rainfall on sprayed areas can contribute to releasing these toxins into the surface water resources and soil before degradation.
1 Pesticides are classied into herbicides, insecticides, fungicides, bactericides, acaricides, and rodenticides according to their purpose, method and period of use or chemical properties. 2 The chlorinated phenoxy acids herbicides are considerably used in agriculture against the growth of broadleaf weeds in rice, wheat, and corn.
3,4
2,4-Dichlorophenoxyacetic acid (2,4-D) is a herbicide, which is extensively used around the world. The excellent properties including the low cost and the high efficiency to control the broadleaf weeds in a variety of settings such as crops, rights-ofway, lawns and forests have introduced the 2,4-D as the most commonly used herbicides.
5-7
Degradation of 2,4-D is very slow in water; its half-life in water range from one to several weeks under aerobic conditions, while it can be more than 120 days under anaerobic conditions. 8 The International Agency for Research on Cancer of the World Health Organization categorized this herbicide as "possibly carcinogenic to humans, according to insufficient evidence in humans and limited evidence in experimental animals". 9 The issues associated with the exposure to this herbicide have been studied in different applicators, but the risk of 2,4-D to human health has not thoroughly assessed. 10 The results of the previous studies claried that the consumption of 2,4-D by laboratory animals has resulted in the objectionable effects on eyes, thyroid, kidneys, adrenal glands, ovaries and testicles.
11 It is also observed that the utilization of this herbicide is associated with teratogenic, genotoxic, neurotoxic, immune suppressant and cytotoxic effects. 11, 12 The extensive use and poor biodegradability of 2,4-D are led to its ubiquitous presence in the environment, which is led to the contamination of surface and ground waters. 13 Hereupon, the attempts have vastly implemented to eliminate this herbicide through the different techniques such as adsorption, 14, 15 biological decomposition 8, 16, 17 and plasma-ozonation. 9 However, these techniques have serious disadvantages and issues, e.g., high cost, incomplete pollutant removal, production of toxic byproducts, need to add the chemical compounds, sludge production and need for more treatment.
18
Over the last two decades, the electrochemical technologies, due to their high efficiency, environmentally friendly and versatility have provided great developments in wastewater treatment, especially for the elimination of the bio-refractory substances. 19 Since the electrochemical advanced oxidation processes (EAOPs) are not involved in the toxic reagents and the electron is considered as their main reagents, they account for as the eco-friendly emergent techniques for water remediation. 20 The degradation process is performed by the direct reaction of organics at the anode surface by charge transfer, whereas the degradation of pollutants, at high current, is preferentially carried out due to the oxidation of the pollutants by the oxidizing agents produced at the anode. 21, 22 The anodic oxidation or electrochemical oxidation (EO) is the most convenient and common EAOP, in which the physisorbed M ($OH) radical produced by water oxidation degrades the organics in this technique. 21 The anodes, which have incredible potential for the oxygen evolution reaction (OER) and are capable to generate the weakly adsorbed hydroxyl radicals, are considered as the brilliant anodes for electro-oxidation of organic compounds. 23 Hence, the anodes such as boron-doped diamond (BDD), SnO 2 -Sb, IrO 2 , and PbO 2 have emerged as the most talented anodes for organic degradation. 24, 25 However, although the BDD electrode is chemically stable and shows the excellent ability in the degradation of the organics, it is still very expensive. 26 The SnO 2 -Sb electrode is much less expensive, but it is deactivated aer a short period of use. 27 On the other hand, although PbO 2 anodes show the lower electrochemical activity in the degradation of organics, compared to BDD and Sb-doped SnO 2 electrodes, they offer the advantages including the easier production by electrodeposition, low electrical resistivity, and good electrochemical activity. Moreover, their stability was observed to be remarkable at high potentials and at different pH values.
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In the present study, three anode electrodes, i.e., lead dioxide coated on stainless steel 316 (SS316/b-PbO 2 ), lead dioxide coated on the lead bed (Pb/b-PbO 2 ), lead dioxide coated on graphite (G/b-PbO 2 ) were employed to study the degradation of 2-4-D herbicide from aqueous solutions. The experiments were designed based on central composite design (CCD) and were analyzed using the response surface methodology (RSM), which it provides proper statistical tools to design and to optimize the studied process. Morphology of prepared electrodes is characterized by scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). The process of herbicide degradation was monitored during constant current electrolysis using cyclic voltammograms (CV) techniques. Aer the electrolysis process and complete degradation of 2,4-D herbicide, the leaching of lead ions and the mechanism of 2,4-D degradation were evaluated.
Materials and methods
All parts of materials and methods section including materials, analytical method, electrochemical treatments, preparation of the SS316/b-PbO 2 electrode, preparation of the Pb/b-PbO 2 electrode, preparation of the G/b-PbO 2 electrode and experimental design, can be found at ESI. †
Results and discussion

Characterization of b-PbO 2 electrodes
The SEM technique was applied to evaluate the surface morphology of PbO 2 electrodeposited on graphite, lead and stainless steel 316 (SS316) substrate and the results, under four different views (50, 20, 10 and 5 mm), were represented in Fig. S3 (Part I, a-c). † All particles revealed an agglomeration with limited individual particle boundary. The results of these images revealed the crystalline structures of b-PbO 2 in the electrodeposited PbO 2 microparticles on graphite, lead and SS316 and also claried that the b-PbO 2 has the tetragonal structure.
Elemental analysis of the b-PbO 2 was performed using Energy-dispersive X-rays (EDX) technique and results were presented in Fig. S3 X-ray diffraction patterns (XRD) measurements were used to estimate the phases and crystallinity of PbO 2 and the deposited lm. Fig. S3 
Statistical analysis and the model tting
In this study, the central composite design (CCD) model was used to evaluate the interactive effect of parameters for optimizing the degradation of 2,4-D herbicide from aqueous solutions using modied electrode anodes. There were a total of 20 experiments (including 7 variable points, 7 axis points, 1 central point and 5 repetitive points in the center) for optimizing the variables in the CCD statistical design ( Table 1) . The model was found to be reasonable for predictions made within the range of experimental variables. The models expressed in Table 2 . The R 2 coefficient is specied as the ratio of the described variable to the total variation and the degree of tness of the model, which it was reasonably found to be high in all models (R 2 ¼ 0.953-0.956). The values greater than 4 for the accuracy and validity of the model is indicative of its desirability; 35, 36 as can be observed, these values were obtained to be in the range of 25.54-27.09 for all responses. Furthermore, the values of standard deviation (3.06-3.75) and coefficient of variation (CV) (5.82-9.89) illustrate the signicance and the high reliability of results. It should be mentioned that the extent and direction of the effect of independent parameters on the efficiency of the electrochemical process are identied by the coefficients of these equations and their mathematical symbols (AE) ( Table 2) . Also, based on statistical analyses, the models have low probability values and high reliability levels. The low values of variance coefficients are indicative of the suitable accuracy and superior reliability of data. The P values for the studied responses were 0.0001. The higher values of F and fewer values of P demonstrate the meaningfulness of the models and all of the studied factors were found to be signicant (P value < 0.05). The lack-of-t F-test describes the variation of the data around the tted model. According to Tables S2-S4 , † the lack of t (LOF) P values of >0.05 was obtained to be statistically insignicant for 2,4-D herbicide degradation using three anodes electrodes (SS316/b-PbO 2 , Pb/b-PbO 2 and G/b-PbO 2 ), implying a correlation between the variables and 2,4-D herbicide degradation. Residuals plots, which dene the difference between the observed values of a response and its predicted value, are important for determining the competence of the model. Normal test plots are graphical tools for signifying the residuals departure from a straight line. The normal probability plot of 2,4-D herbicide degradation using three anodes electrodes of SS316/b-PbO 2 , Pb/b-PbO 2 and G/b-PbO 2 ( Fig. 1(a 1 , b 1 and c 1 )) show that almost all data points are normally scattered near to the straight line and no gross distribution is observed around the line. The adequacy of the models was also evaluated by the plot of residuals versus the predicted responses. As shown in Fig. 1 (a 2 , b 2 and c 2 ), the random scatter of the residuals around the zero species the appropriate behavior of the models and the satisfaction of constant variance assumptions. Furthermore, in a well-designed model, the residuals should be independent of time or any other parameters.
Efficiency of electrodes in 2,4-D herbicide degradation
In this study, the efficiency of coated anode electrodes (SS316/bPbO 2 , Pb/b-PbO 2 , G/b-PbO 2 ) was investigated in the degradation of 2,4-D herbicide. In oxidative degradation of organic compounds using PbO 2 electrodes, the electro-generated physisorbed HOc on the surface of electrode plays the main role in mineralization of the pollutants. The formation of adsorbed hydroxyl radical MO x (HOc) by oxidation of the water molecules has been reported as the initial reaction in both kinds (active and non-active) of MO x anodes, as shown in (eqn (1)).
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Aerward, the electrochemically generated MO x (HOc), as one of the strongest oxidant, mineralize the organic matter (eqn (2)). 32, 43 Furthermore, the MO x (HOc) can generate the O 2 gas (eqn (3)); this reaction acts as a competitor for the reaction shown in eqn (2) .
According to reports, the oxygen evolution reaction is considerably dependent on the value of oxygen evolution overpotential; so that, the oxygen evolution reaction is identied as the dominant reaction for the electrodes with the low oxygen evolution over-potential. However, this reaction is difficult for the electrodes that have higher oxygen evolution over-potential and; thus, for these kinds of electrodes, the reaction (2) occurs earlier than the reaction (3), which it leads to progress the efficiency of the mineralization reaction.
In order to determine the performance of the electrochemical process, the 2,4-D herbicide degradation was calculated as a response. A quadratic model describes the changes in 2,4-D degradation efficiency as a function of variables. According to Table 2 (Fig. 2 (Part I-III) ) and is representative of the interaction effect of time and pH. As can be seen, increasing the electrolysis time and reducing the pH enhanced the 2,4-D degradation efficiency. As the results showed, by decreasing the pH from 11 44 in their study, it was observed that increasing the pH from 2 to 11 is led to decrease the degradation efficiency of glyphosate herbicide (GH); so that, the highest GH degradation was achieved at pH ¼ 2 (38%). In their study, the lower pH values diminished the oxygen evolution reaction in favor of organic compound oxidation, 44 which is agreed with the results of the present study. Jaafarzadeh et al. (2018) observed that decreasing the pH and increasing the electrolysis time are led to improve the 2,4-D removal efficiency; it is in line with the present study. 41 In the present study, increasing the 2.4-D degradation in acidic pH can be attributed to the higher efficiency of the hydroxyl radical production in acidic pH values and production of some ions such as Cl, Cl 2 and HOCl that have higher efficiency at acidic pH values. 45, 46 The effect of current density on the degradation of 2,4-D is presented in Fig. 2 (Part I-III (a-c) ). Considering the guers from (Fig. 2 Part I (a-c) ) to ( Fig. 2 Part III (a-c) ), it can be concluded that increasing the current density leads to reducing the electrolysis time and increasing the efficiency of 2,4-D herbicide degradation. The greater hydroxyl radical generation at the higher current density may be the reason for this event; so that, the herbicide degradation efficiency using SS316/b-PbO 2 electrodes (from 36.0 to 60.4%), Pb/b-PbO 2 (from 52.6 to 75.6%) and G/b-PbO 2 (68.1 to 89.8%) is developed by increasing the current density from 1 mA cm À2 to 5 mA cm À2 at the same conditions (pH ¼ 3 and time ¼ 80 min), which is consistent with the study conducted by Jaafarzadeh et al. (2018). 41 In their study, the results showed that increasing the current density increases the removal efficiency of herbicide; so that, increasing the current from 10 mA cm À2 to 40 mA cm À2 is led to enhance the removal efficiency from 52% to 82%. 41 In the study conducted by Yahiaoui et al. (2013) , it was observed that the tetracycline (TC) removal efficiency is developed by increasing the current density; so that, the removal efficiency increased from 33.5 to 77.7% by increasing the current density from 2.5 to 25 mA cm À2 , 47 which is in accordance with the present study. As discussed before, this effect should be related to increasing the production of electrogenerated OHc radicals from the water discharge by increasing current density.
The results showed that all three types of electrodes have suitable performance in degradation of the 2,4-D herbicide; but among them, the G/b-PbO 2 anode electrode was able to provide the highest herbicide degradation efficiency compared to other studied electrodes. The high potential of the G/b-PbO 2 can be considered as the reason for its superior performance in the electrochemical generation of HOc radicals compared to other studied electrodes. The properties of G/b-PbO 2 electrode include the high oxygen evolution potential, good electric conductivity, good electrodeposition and high specic area, which lead to the exceptional performance of this electrode.
32,48-50
To justify the performance of b-PbO 2 electrodes in the process of electro-catalytic degradation of the 2,4-D herbicide, the experiment was carried out to determine the anodic potential of the three electrodes prepared (SS/b-PbO 2 , Pb/b-PbO 2 and G/bPbO 2 ) for water oxidation in 0.25 M Na 2 SO 4 electrolyte solution at pH of 6 and scan speed of 100 mV s
À1
. Fig. 3 shows that the oxygen evolution over-potential is high for all three electrodes, and these electrodes have well expanded the potential window of the water oxidation. According to Fischbacher et al. (2013) , the high oxygen evolution over-potential on the surface of these electrodes produces a large amount of HOc, which increases the oxidation efficiency and improves the performance of these electrodes for degradation of organic pollutants.
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According to this data, our b-PbO 2 electrodes clearly have high oxygen overpotential and produces effectively H 2 O 2 and O 3 . According to the reaction shown below, the reaction of generated H 2 O 2 with O 3 produces hydroxyl radicals. 
Process optimization and validation of the model
The experiments were performed based on CCD to attain the process optimization. In this study, 3 independent variables, i.e., pH, current density and electrolysis time were evaluated to processing the optimization of the electrochemical process for three anodes electrodes (SS316/b-PbO 2 , Pb/b-PbO 2 and G/bPbO 2 ). Graphical optimization produces an overlay plot, which affirms the possibility of response value in the factor space. Overlay plot is indicative of the region, which meets the proposed criteria. The optimum area related to 3 responses was determined (Fig. 2 (Part I-III, d) ). The yellow region shows the region that graties the responses and the shaded region are related to variables of space. The yellow zone covers the pH of 7 and j of 3 mA cm À2 for the electrolysis time of 50 min. To verify the accuracy of the models, one point in optimal areas is selected (conditions shown by the ag are shown in Fig. 2 (Part I-III, d)). The electrochemical process was used to compare the actual values with the predicted values of responses. Table 3 shows the results of the experiment in optimal areas. The correctness of the optimum conditions was examined by DOE soware using standard deviation for each response. 
Mechanism of 2,4-D herbicide degradation
The determination of oxidation mechanisms of 2,4-D herbicide was carried out by electrolysis of 100 ppm of the solution in 0.1 M Na 2 SO 4 at pH ¼ 3 using the current density of 3 mA cm À2 for 80 min. During the electrolysis process, the results were followed up by a cyclic voltammetric technique on the surface of the glassy carbon electrode.
As shown in Fig. 4 (Part I), during the electrolysis process, the peak current of A 1 was reduced and new peaks of C 0 and A 0 emerged. Reducing the peak current of A 1 indicates the consumption of the raw material of the herbicide and the appearance and increase of the peaks of the C 0 and A 0 represents the formation of the intermediates, which are produced during the electrolysis process. As seen in Fig. 4 (Part II) , at the beginning of the electrolysis, the peak current of A 1 diminished and the peaks of A 0 /C 0 begin to emerge. This process continues until the peak of A 1 disappears completely. The complete removal of A 1 peak shows the complete degradation of the 2,4-D herbicide. According to the Scheme 1 and Fig. 4 (Part III), it is observed that the 5-benzoquinone and 5-parabensucinone are the byproducts and intermediates resulted from the oxidation of the 2,4-D herbicides. Also, the appearance of the A 0 /C 0 peak during electrolysis species the presence of these intermediate in this electrolysis (Fig. 4 (Part III)) .
By the continuation of the electrolysis process, the peaks of A 0 /C 0 started to decrease and, nally, these peaks also disappeared completely, which it is indicative of the complete degradation of the intermediate formed during the electrolysis process (Scheme 2). The empirical observations in the Souza et al. (2015) 53 and the empirical data validates the mechanism presented in Scheme 2.
The comparison of the 2,4-D degradation mechanism using the PbO 2 coated electrode and the un-coated electrodes used in previous studies disclosed that, using the b-PbO 2 , the 2,4-D herbicide as well as the intermediates generated during the electrolysis process are completely degraded and the nal products of degradation are the water (H 2 O) and carbon dioxide (CO 2 ) (Fig. 4 (Part I and II) and Scheme 2); however, the uncoated graphite and SS316 can only degrade the herbicide and are not able to degrade the intermediates during the electrolysis and, as a result, these intermediates remain as the byproducts in nal solution aer electrolysis (Fig. 4 (Part III) and Scheme 1). PbO 2 , due to having the high overvoltage for production of the oxygen and high potential window for oxidation of water, is capable to electrochemically production of the strong oxidizing species such as ozone (O 3 ) and hydrogen peroxide (H 2 O 2 ) during the electrolysis process, which the reactions between these two oxidants are led to produce the hydroxyl radical. The electrochemically produced hydroxyl radical through the reaction between the O 3 and H 2 O 2 and through the decomposition of the water on the surface of the Pb electrode are the driving force and the main factor leading to fulll the degradation process and to convert the raw material and the intermediate formed during the electrolysis process to water (H 2 O) and carbon dioxide (CO 2 ). 8, 16, 32, 53, 56 It should be noted that the proposed mechanism for degradation the 2,4-D herbicide in this study was reported based on the results of LC/ MS, GC/MS and HPLC in the studies conducted by Souza et al. 16 and according to results of LC/MS spectrum obtained in our previous study 34 and the electrochemical data obtained in our current study. Furthermore, in order to prove the proposed mechanism for degradation of 2,4-D herbicide and identication of intermediates, aer 80 min, electrolysis was stopped and the LC-MS spectrum of the 2,4-D herbicide solution was provided. Table 4 and Fig. S5 † shows the presence of molar mass for each of the intermediates in the corresponding spectrum, which it is accounted for as the reason for the correctness of pathway for the degradation of the 2,4-D herbicide and the proposed mechanism (Schemes 1 and 2 ).
Comparison of electrodes potential in degradation of 2,4-D and removal of COD and TOC
In EAOPs, the degradation of the target pollutant is not adequate; hence, the mineralization of organic pollutants should be evaluated, which was determined by the determination of COD and TOC. In this study, the COD and TOC removal efficiency using all three types of coated electrodes (SS316/bPbO 2 , Pb/b-PbO 2 and G/b-PbO 2 ) were investigated when the electrochemical process had the highest 2,4-D degradation efficiency (Fig. S6 †) . The results showed that the COD removal efficiency using SS316/b-PbO 2 , Pb/b-PbO 2 and G/b-PbO 2 electrodes were 51.7, 68.7 and 83.7%, respectively, while the TOC removal efficiency using the electrodes studied in the same conditions was 41.3, 56.6 and 78.5%. Also, 2,4-D degradation efficiency by the electrodes studied (SS316/b-PbO 2 , Pb/b-PbO 2 and G/b-PbO 2 ) in the same conditions was 60.4, 75.9 and 89.8%, respectively. This disclosed the considerable degradation of the 2,4-D by the electrochemical system using the electrodes studied, which is consistent with the Zourab et al. (2009). 57 Zourab et al. revealed that the electro-catalytic degradation efficiency of herbicidal and pure of 2,4-D using the Pb/PbO 2 electrode was 79% and 57%, while the COD removal was 75% and 56%, respectively. They also observed that the reduction in the 2,4-D herbicide was proportional to decreasing the COD content of the solution, which it indicates the 2,4-D degradation by the electrochemical process using the Pb/PbO 2 anode electrode. 57 In another study, Abu Ghalwa et al. observed that the highest COD removal for herbicide linuron using two types of Pb/PbO 2 and C/PbO 2 electrodes was obtained to be 92% and 84%, respectively, which reveals a relatively complete degradation of linuron herbicide by the Pb/PbO 2 electrode. 58 Furthermore, the results of this study showed that G/b-PbO 2 are the better electrodes among these three electrodes studied due to providing the highest 2,4-D degradation efficiency. The greater 2,4-D degradation efficiency and higher COD removal efficiency using the G/b-PbO 2 electrode can be explained by two following reasons: (1) the presence of a greater amount of PbO 2 on graphite electrode compared to other electrodes, which it offers the greater number of sites to produce the hydroxyl radicals, and (2) the lowest crystals size values for b-PbO 2 compared to other electrodes (SS316/b-PbO 2 , Pb/b-PbO 2 ) (Fig. S3 (Part I) †) . Based on the reports, the smaller crystals size provides a greater surface area and, as a result, it increases the electro-generation of HOc that is favorable for the degradation of the pollutants. 32, 33, 59 3.7. Electrochemical stability test High electrochemical stability is considered an important feature of the electrodes, especially for their industrial applications. The life-time of the b-PbO 2 electrodes is drastically dependent on the coating condition, surface morphology, compactness and uniformity of the formed coating. The lifetime of the electrodes was observed to be similar to the previous study. 32, 60, 61 In order to evaluate and to compare the stability of the studied electrodes, the accelerated service life experiments were carried out using the chronopotentiometry at the constant anodic current density of 100 mA cm À2 .
According to deactivation of the electrode by increasing the cell potential to 10 V, the life-time of electrodes studied are observed to be as follows: G/PbO 2 (80 h) > SS/PbO 2 electrode (52 h) > Pb/PbO 2 electrode (40 h). 46 The remarkable stability of the graphite electrode may be due to several factors. One of these factors is the penetration of lead dioxide particles into the inner layers of the graphite bed, which provides more interaction and adhesion of the PbO 2 lm to the graphite substrate. Another factor, as shown in SEM (Fig. S3 , Part I †) and XRD (Fig. S3 , Part III †) images, is the fact that decreasing the size of b-PbO 2 particles on the graphite surface can reduce the defect density at the electrode surface and increase the electrochemical stability of G/b-PbO 2 .
32 Therefore, the modication of the surface of the electrodes not only decreases or eliminates the possibility of the penetration of electrolyte through the cracks and pores but also leads to an increase in internal pressure caused by the production of oxygen gas inside the electrode. Furthermore, the greater life-time of the SS316/b-PbO 2 electrode, compared to the Pb/b-PbO 2 electrode, can be due to the smooth and dense morphology of coated lead dioxide particles, which inhibits the penetration of the electrolyte into the coating and the formation of a passive layer on the surface. In addition, due to the improvement of the oxygen evolution potential (OEP) for G/bPbO 2 and SS316/b-PbO 2 electrodes, the penetration of reactive oxygen species into the stainless steel and graphite bed is also inhibited.
Leaching of lead ions
Leaching of lead ions (Pb 2+ ) was evaluated aer the electrolysis and the complete degradation of the 2,4-D and the results were represented in Fig. S7 . † The evaluation of the leaching of Pb In their study, the leaching of Pb 2+ into the solution, in addition to cyclic voltammogram technique, was also measured using the ICP-OES device. The results showed that the concentration of Pb 2+ ions in the electrolyzed solution was 0.0035 mg L À1 . 32 Also, leaching levels of lead ions were evaluated using ICP-OES aer the completion of the 2,4-D degradation process using G/b-PbO 2 electrode. According to results, aer completion of the process, the Pb 2+ concentration was observed to be 0.0013 ppm; the observed value was less than WHO guideline (0.01 mg L À1 ) for drinking water. 50 Moreover, the Pb 4+ concentration was not observed.
Conclusions
The electrocatalytic degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide was studied by various coated electrodes (SS316/b-PbO 2 , Pb/b-PbO 2 and G/b-PbO 2 ). The Central Composite Design (CCD) using the response surface study (RSM) was found to be successful to determine the optimum conditions. The effect of three variables, e.g., pH, electrolysis time and current density (j) on the performance of the system studied in degradation of the 2,4-D were investigated; it was conrmed that these parameters have a signicant effect on electro-catalytic degradation of 2,4-D. Also, the results showed that, at the conditions including pH of 3, electrolysis time of 80 min and j of 5 mA cm À2 , the highest 2,4-D herbicide degradation efficiency using SS316/b-PbO 2 and Pb/b-PbO 2 , G/b-PbO 2 anodes were 60.4, 75.9 and 89.8%, respectively. The results showed that the highest COD and TOC removal efficiencies using the G/b-PbO 2 electrode were 83.7 and 78.5%, under the conditions, i.e., pH ¼ 3, electrolysis time ¼ 80 min and j ¼ 5 mA cm À2 , respectively. Based on energy consumption, the G/b-PbO 2 electrode has the least amount of energy consumption among the electrodes studied. Moreover, all parameters follow the quadratic model. Generally, this method can be used as a pretreatment process for biological systems to remove the resistant organic compounds such as chlorophenoxy pesticides groups.
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